To understand whether prolonged confinement results in reductions in physical activity and adaptation in the musculoskeletal system, six subjects were measured during 520 d isolation in the Mars500 study. We tested the hypothesis that physical activity reduces in prolonged confinement and that this would be associated with decrements of neuromuscular performance. Physical activity, as measured by average acceleration of the body's center of mass (''activity temperature'') using the actibeltH device, decreased progressively over the course of isolation (p,0.00001). Concurrently, countermovement jump power and single-leg hop force decreased during isolation (p,0.001) whilst grip force did not change (p$0.14). Similar to other models of inactivity, greater decrements of neuromuscular performance occurred in the lower-limb than in the upper-limb. Subject motivational state increased non-significantly (p = 0.20) during isolation, suggesting reductions in lower-limb neuromuscular performance were unrelated to motivation. Overall, we conclude that prolonged confinement is a form of physical inactivity and is associated with adaptation in the neuromuscular system.
Introduction
The effect of prolonged isolation, or confinement, on the musculoskeletal system has previously not been studied. Confinement studies have to date examined psychosocial [1] , biomedical [2] , skilled motor [2, 3] and immune system [4] variables. Aside from the most common case of prolonged confinement, imprisonment, individuals are also confined as part of over-wintering in isolated regions of the Earth [5] , military operations [3, 6] and ground based spaceflight operation simulation [1] .
It is conceivable that confinement will result in a reduction of physical activity, though this idea has not yet been formally tested. We know from studies of physical inactivity and immobilization, such as after bone fracture [7] , stroke [8] , spinal cord injury [9] and prolonged bed-rest [10] , that the reduction of loading results in regional decrements of peak neuromuscular performance, regional losses of bone density and muscle mass. We therefore hypothesized that prolonged confinement in otherwise healthy individuals would result in a reduction in physical activity and consequently a loss of neuromuscular function in the lower-limbs. To evaluate neuromuscular function we prefer to measure complicated tasks, such as countermovement jumping and single-leg hopping rather than, for example, isolated maximal force production at individual joints. For example, with age [11] greater declines of countermovement jump performance are seen than of isometric knee extension. The ability of an individual to jump and hop requires them to integrate a wider variety of systems, such as the ability to store energy in passive structures, generate force via the musculature, control body and limb posture.
The Mars500 project was implemented to simulate a flight to Mars. In this project, participants were confined for 520 days with only video and email communication with the outside world. This project provided the opportunity to test our hypotheses.
Materials and Methods

Mars500 Study
Six healthy male subjects (three Russian, two European, one Chinese; 32.4(4.8)years, 176(4)cm and 84.9(8.9)kg) participated in the Mars500 study (http://mars500.imbp.ru/en/index_e.html). Subjects attended the Institute of Biomedical Problems in Moscow, Russia from May 2009 to November 2011. After an initial four week baseline data collection period, subjects entered the isolation capsule for a period of 520 days on the 3 rd June 2010. Subjects remained at the facility for two weeks for post-isolation testing. Subjects did not leave the isolation capsule for the entire 520 days and all supplies (i.e. food and other consumables) were placed inside the capsule prior to the start of isolation. Protocols were set in place in case of medical and other emergencies, but did not need to be implemented. This research was conducted in accordance with the principles expressed in the Declaration of Helsinki. The ethical committee of the Institute of Biomedical Problems approved this study and subjects gave their written informed consent.
The aim of the Mars500 study was to simulate the isolation during a flight to Mars. Communication was possible via email or video message only and a time-delay in communication of up to 20 minutes was introduced according to the simulated distance from ''Earth''.
For each measurement protocol, one subject was selected to be responsible for its implementation during the project. Before isolation, he was taught how to implement the tests, was responsible for coordinating testing of the remaining subjects during isolation and was able to test himself. Data collected during isolation was copied onto USB-stick and was transferred to the outer world via the rubbish disposal unit.
Physical Activity Monitoring via the ActibeltH System
Subject physical activity was monitored using the actibeltH (The Human Motion Institute, Munich, Germany; [12, 13] ) thirteen times during isolation with the first measurement session beginning on the fourth day of isolation (Figure 1 ). At each measurement time-point, subjects wore the actibeltH, a three dimensional accelerometer with 100 Hz sampling rate, on their belt for six consecutive days. The device was also worn at night-time. The variables of ''activity temperature'', distance ambulated and average gait speed were computed:
Activity temperature. Measured the average absolute acceleration of the body's center of mass, with the effect of gravity removed, over a period of time. It was calculated as the average of the ''activity counts'' over the recording time (Unit: g [9.81 m/s 2 ]). This variable was calculated according to the formula:
Where N was the number of minutes in the time-period to be analysed (i.e. 1440 in a 24-hour period). AC was the ''activity count'' per minute. To calculate AC, the three acceleration axes a x ,a y ,a z were combined and the effect of gravity was removed according to the formula:
Where K was the number of data points per minute and:
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Where a a x , a a y , a a z was an approximation of the mean calculated by a low pass first order Butterworth filter with cut-off frequency of 1/ 6 Hz. Distance ambulated. Total distance travelled, calculated as the sum of all step lengths (unit: m). Length of each step was calculated as described in a previous publication [13] .
Average gait speed. Gait speed per step was calculated as described previously [13] . Average gait speed was then calculated as the average speed across all steps taken (unit: m/s).
The variables were calculated for each continuous 24-hour period of data collection. 24-hour periods of data collection ran from midnight of the previous day to midnight of the current day minus one millisecond. Data from the four days of continuous data . Activity temperature is a measure of the average absolute acceleration over the course of the day: more changes in body position (e.g. sit-stand) and more changes in walking speed means higher overall average acceleration. doi:10.1371/journal.pone.0060090.t001 collection, days one to five of each measurement session, were averaged prior to further analysis.
Countermovement Jump, Single Leg Hopping and Grip Force Testing
Countermovement jump. The first measurement was performed prior to isolation, with twenty-eight testing sessions during isolation and one final test three days after isolation (Figure 1 ). Maximal countermovement jump testing was performed on a ground reaction force platform (Leonardo Mechanograph GRFP, Novotec GmbH, Pforzheim, Germany). Subjects first stood on the 66666 cm testing platform with their arms resting at their sides. Before the first jump, the subject's body mass was measured for use in subsequent calculations. Subjects were then instructed to perform a countermovement (i.e. a brief squat beforehand) jump and jump as high as possible. Three jumps were performed during each testing session with a break of 1 minute between each jump. Software provided by the manufacturer (Leonardo Mechanography v4.2) was used for recording and storage of data and for subsequent calculation of the variables of interest. The peak power and maximum jump height were calculated. The data from the jump of maximal jump height from all three trials was used in further analysis.
Multiple single-leg hopping. The same testing apparatus was used as for the countermovement jump and test were performed at the same time-points of the study. This test aimed to examine the force development at the ankle joint [14] . In the course of ten continuous single leg hops, the subject was required to maintain their knee close to full extension and no arm swing was permitted. Subjects began the test in relaxed standing, shifted their weight onto one leg, and the subject was instructed to perform begin the ten consecutive maximal hops. Subjects were instructed to maintain the heel off the ground for all hops. Each leg was tested twice with a break of 1 minute between test runs. Using the same software as per the countermovement jump test, hop force and hop force per unit body weight were calculated. Data from the single hop of the highest force from the two sets of ten consecutive hops from both legs was chosen for further analysis.
Maximal grip force. Testing was performed in standing using a digital hand dynamometer (Takei Scientific Instruments Co. Ltd, Tokyo, Japan). The first measurement was done on the 21 st day of isolation with twenty-eight subsequent measurements (Figure 1) . The shoulder was placed in an adducted and neutrally rotated position with the elbow in full extension [15] . Three repetitions were performed on both hands with a 30 second break between tests. To increase measurement precision, the average value (in Newtons) of the three measurements was used in further analysis.
Motivational State
To assess whether any reductions in subject motivation may occur during isolation and whether this may relate to changes in other variables, motivational state was assessed. This methodology has been described in detail elsewhere [16] . However, in brief, the subject was presented with eight adjectives. Each subject completed a questionnaire in their native language (Russian, Chinese, Italian or French). The subject was required to indicate whether a given adjective described their physical or mental state on a six level ordinal scale from 0 (not at all) to 5 (totally). The scores assigned by the subjects to these adjectives built the motivation sub-dimensions of 'willingness to seek contact' (open for contact, communicative), 'social acceptance' (accepted, popular), 'readiness to strain' (energetic, powerful) and 'self-confidence' (experienced, self-confident). The score for 'motivational state' was then calculated as the average score across these four subdimensions. This test was performed twice before isolation, thirtyeight times during isolation and once after isolation (Figure 1) . Data from the two tests before isolation were averaged prior to further analysis. 
Statistical Analysis
Linear mixed-effects models [17] were used to assess each parameter. A main-effect of study-date was included in the models. Allowances for heterogeneity of variance due to study-date were made where necessary. Analysis of variance (ANOVA) was then performed for each model. Subsequently a priori comparisons were conducted comparing the changes over time to baseline measurements.
For the variable of motivational state a non-parametric analog of repeated measures ANOVA was performed to assess the changes over time [18] . The ANOVA-type test statistic is reported for these data. Wilcoxon-tests were also performed comparing the data on each day during and after isolation to the baseline data.
An alpha level of 0.05 was taken for statistical significance. An adjustment for multiple comparisons was not performed. The ''R'' statistical environment (version 2.10.1, www.r-project.org) was used for all analyses. Unless otherwise stated, all values are reported as mean(SD).
Based upon the greatest changes seen during isolation for the actibeltH activity temperature (effect size: 22.73) and countermovement jump peak power (effect size: 21.42) a post-hoc power analysis (simple ''difference from zero'' one sample t-test, twotailed, n = 6, alpha-level: 0.05; computed with G*Power3; [19] ) showed an achieved power of, respectively, 0.9993 and 0.79.
Results
The baseline data are given in Table 1 . All subjects completed the isolation phase.
Physical Activity Levels
All measurement sessions during isolation were completed with the exception of incomplete data in one subject from the third measurement time-point. Significant changes occurred in the activity temperature (p,0.00001) whereas the changes in distance ambulated (p = 0.07) and average gait speed (p = 0.08) did not reach significance on ANOVA. After the first measurement beginning on the fourth day of isolation, activity temperature (variation of acceleration of the body's center of mass) reduced (Figure 2) . The distance walked decreased marginally and this effect only reached significance at day-180 of isolation. At around day 280 of isolation, a sudden increase in ambulatory velocity and distance ambulated was seen compared to the prior and following testing sessions. This testing session was immediately after the simulated ''departure'' from Mars during the isolation study.
Countermovement Jump, Single Leg Hopping and Grip Force Testing
Countermovement jump power and power relative to body mass both reduced significantly (p,0.001) over the course of the study. The reductions in jump power relative to body mass were lesser in magnitude (Figure 3) . Although ANOVA indicated a significant change in maximum jump height over the course of the study (p = 0.005), inspection of the data indicated that, whilst marginally reduced, no significant changes occurred in peak jump height compared to baseline (Figure 3 ). Single-leg hop force, and force per unit body mass, both reduced (p,0.001) over the course of the study (Figure 4) . ANOVA indicated that grip force did not change significantly during isolation (p$0.14; Figure 3 ).
Motivational State
Subject motivation levels tended to increase during isolation ( Figure 5 ) but this effect was not significant on non-parametric ANOVA (p = 0.20).
Discussion
The current study investigated male subjects involved in 520 d confinement. To the best of our knowledge no prior work has quantified physical activity and neuromuscular performance in this model. We found that physical activity, when measured in terms of average acceleration, reduced. This indicates that subjects changed body position less and/or changed their speed of walking less. Although the effects did not reach statistical significance, distance ambulated decreased marginally and average gait speed stayed the same or increased marginally. Explosive power during countermovement jump and force production during single-leg hopping, a test influenced predominately by the ankle joint plantarflexors [14] , also reduced progressively during confinement and these effects were still present after controlling for changes in body mass. Grip force showed little change.
The findings from the actibeltH measure show that a reduction of physical activity occurred during confinement. Whilst the average gait speed remained the same and the distance ambulated decreased marginally, there was a strong significant reduction in the acceleration of the body's center of mass. This implies that there was a reduction in the forces generated within the body -be it from changes in body position or other forms of acceleration.
In the assessment of neuromuscular function in the lower-and upper-limbs, we observed a pattern of greater decrements in neuromuscular performance in the lower-limb (countermovement jump power, multiple single-leg hopping) with little change in the upper-limb (grip force). It is possible that these changes occurred due to the new ''lifestyle'' of reduced physical activity in confinement. In models of extreme disuse, such as bed-rest and spaceflight, it is well known that greater loss in function, muscle mass and bone density occur in the lower-limbs with limited changes in the upper-limbs [20] . With age, decline in peak countermovement jump power per unit body weight occurs in both elite athletes [21] and the wider population [22] , though the rates of decline seen in these earlier works were slower than seen in the current study. Associated with such decline, a number of mechanisms including inhibition of muscle regeneration via satellite cells [23, 24] and oxidative stress [25, 26] have been identified.
There are, however, some aspects of the finding of the current study do not support the interpretation that the changes in neuromuscular function are due to reduced physical activity. For example, the main reductions in countermovement jump power and single-leg hop force relative to body mass occur at around 40-80 days of confinement, with some indication of progressive losses beyond this time-point. This aspect of the findings does not support the idea of a 1:1 relationship between changes in activity levels and adaptation in lower-limb neuromuscular function.
The effects we observed during isolation were likely not due to changes in subject motivation. A concern could be that subjects may have been, with time, simply less motivated in general to move or perform maximal explosive tasks. However, there was a marginal, non-significant, increase in our measure of subject motivation. After isolation, the up-tick in neuromuscular performance compared to during isolation could, however, be associated with the parallel up-tick in subject motivational state. Also, the discordant changes between upper and lower-limbs on neuromuscular testing, rather than similar changes in both, further suggests that subject motivation or factors such as repeated testing is likely not the mediating factor.
The current study had some important limitations. Firstly, we did not have a control group that performed testing on the same schedule but did not undergo isolation. Comparable data are also not available in the literature. Also, the number of subjects was limited for logistical reasons. Despite this we were able to find significant effects by conducting a number of measures during the course of confinement, though ability to generalise to a wider population would be limited. Subjects also performed an exercise program during confinement. The type of exercise and order of their performance fixed according to the study protocol, but subjects did not always comply with the requested volume of exercise and detailed information on exercise actually executed was not made available to researchers participating in the study. Nonetheless, neuromuscular or motivational state variables did not differ significantly between the phases when these exercise programs were due to be performed. Average gait speed and distance walked were significantly increased when subjects were scheduled to perform running exercises (data not shown). Importantly, we found significant decrements in neuromuscular performance despite attempts to implement a countermeasure exercise program.
In conclusion the current study investigated physical inactivity and neuromuscular performance in prolonged 520 d confinement. Overall, the data suggest that prolonged confinement is a form of reduced physical activity with concurrent adaptation in lowerlimb, rather than upper-limb, neuromuscular performance.
